Surgical treatment of pulmonary stenosis has frequently been evaluated by the reduction of pressure gradient across the valve. In only a few patients, however, have exercise tolerance and haemodynamic response to muscular work been reported both before and after operation. Johnson (1962) compared the findings in 7 patients after pulmonary valvotomy with those in 8 patients without operation. A decreased cardiac output during exercise was common to both groups. Because of differences between patients in such a group it seems preferable to study the same patient before and after operation.
Ikkos, Jonsson, and Linderholm (1966) reported the circulatory response to exercise in patients with pulmonary stenosis. Some of these patients have now been re-examined after operation and a comparison of their pre-and post-operative working capacity and haemodynamic findings constitutes this report.
SUBJECTS AND METHODS
All adult patients with pulmonary stenosis and intact ventricular septum who were investigated before operation at this laboratory and operated on between 1957 and 1964 have been readmitted to hospital 9 months or more after the operations, which were performed in the Department of Surgery, Thoracic Clinic, Karolinska Sjukhuset, either under hypothermia or with extracorporeal circulation. Patients operated on before 1957 were excluded from this study except for one (Case 17) who had an isolated infundibular pulmonary stenosis corrected in 1953. Of the remaining 16 patients, 12 had pulmonary valvotomy through the pulmonary artery, and 4 (Cases 3, 9, 13, and 15) had, in addition, resection of infundibular stenosis through a ventriculotomy incision.
The patients were divided into two groups. Group A (Cases 1-9) comprised those patients without an associ-ated atrial septal defect; Group B (Cases 10-17) were those with either an atrial septal defect or a patent foramen ovale in addition to their pulmonary valvular lesion.
Such defects were not closed at operation. All patients were examined both at rest and during exercise at post-operative cardiac catheterization, though 5 patients were studied only at rest during their preoperative examination. However, an exercise tolerance test was carried out in all patients both before and after operation.
The methods used were those described in an earlier report (Ikkos et al., 1966) . All blood gas analyses, except for 4 patients, were done with the spectrophotometric method which gave a normal arterial oxygen saturation of 98 per cent (95-100%). Blood gases were measured by the Van Slyke method in Cases 14 to 17. When patients had arterial desaturation, the pulmonary flow was calculated by assuming that the pulmonary venous saturation was 98 per cent. In calculating the systemic flow in the presence of a left-to-right shunt at the atrial level, the blood in the superior vena cava was accepted as a representative sample of the mixed venous blood. In such patients systemic flow could not be calculated during exercise as it was not certain whether the left-to-right shunt existed during exercise. Those patients with a left-to-right shunt at rest who developed arterial desaturation during exercise are designated (+) in Table IIB . When the shunt was only from right to left at rest it was assumed that no left-to-right shunt developed during exercise. The same assumption was also made if no shunt was found at rest and a right-toleft shunt appeared during exercise. All patients had normal lungs by radiological examination and spirometry.
Exercise tolerance tests were carried out according to the method previously described (Ikkos et al., 1966) . All patients continued graded exercise to reach a heart rate of about 170 beats a minute and their physical working capacity was estimated at this level of exercise (PWC 170). In Group B the mean arterial oxygen saturation at rest was 91 per cent before and 97 per cent after operation. During exercise, the mean arterial oxygen saturation was 77 per cent before and 93 per cent after operation, indicating that the right-toleft shunt during exercise was much reduced after operation. This occurred in spite of the exercise being somewhat more severe during the postoperative investigation (Table II) .
The mean physical working capacity was 609 kpm/ min. before and 668 kpm/min. after operation in Group A and the corresponding values for Group B were 469 and 700 kpm/min. These differences were not statistically significant (Table III) . The larger difference in Group B results mainly from a large rise in one patient (Case 9) and a moderate rise in two others (Cases 10 and 14). The average heart volume did not change significantly after operation (Table III) . However, in only 2 patients were the hearts much enlarged before operation. Case 3, with the highest resting right ventricular systolic and end-diastolic pressures, had a heart volume of 1600 ml. before operation and a normal volume of 760 ml. three years after operation. In another patient (Case 12), who also had a markedly increased right ventricular systolic pressure, the heart volume decreased from 1570 to 1070 ml. three years after operation. This figure was normal in relation to his post-operative physical working capacity.
DISCUSSION
The oxygen transport capacity (aerobic working capacity) is a function of the stroke volume (SV), arteriovenous oxygen difference (AVD), and heart rate (f), as expressed in Fick's equation: Vo2 = fx SV x AVD. Therefore, for a given heart rate during exercise the working capacity depends on the stroke volume and the arteriovenous oxygen difference, i.e. oxygen pulse. In patients with severe valvular heart disease with a resultant small stroke volume, such as found in tight mitral, pulmonary, or aortic stenosis (Granath, 1965; Ikkos et al., 1966; Lee et al., 1967) , a large arteriovenous oxygen difference is found. This observation has -Cardiac output in relation to oxygen uptake during exercise before and after operation in 6 patients in Group A. The continuous and broken lines indicate the regression line + and two standard errors of estimate, respectively, in normal subjects (calculated from data published by Bevegard, Holmgren, and Jonsson, 1960; Holmgren, Jonsson, and Sjostrand, 1960) .
also been made in complete atrioventricular block with normal or increased stroke volume but low cardiac output . Thus a high arteriovenous oxygen difference is an adaptation in order to maintain an oxygen transport in situations where cardiac output is reduced. A similar adaptation is also found during intensive physical training (Astrand et al., 1965; Andrew, Guzman, and Becklake, 1966; Holmgren et al., 1957) . Because ofthese phenomena, the physical working capacity was normal in spite of the low stroke volume during exercise in most patients in Group A before operation, and showed no increase after operation. However, in patients in Group B in whom a right-to-left shunt was present at rest as well as during exercise, resulting in reduced arterial oxygen content, a low working capacity was present before operation and an increase was found after operation. This was mainly due to the change in arterial oxygen saturation during exercise from 77 before to 93 per cent after operation.
This study has confirmed the persistence of a low cardiac output during exercise following pulmonary valvotomy, as reported by Johnson (1962) . It has been suggested (Johnson, 1962; McIntosh and Cohen, 1963) that the low cardiac output after pulmonary valvotomy is due to a persistent myocardial fibrosis and a consequent resistance to right ventricular filling. This was not, however, the finding in the present study because the right ventricular end-diastolic pressure decreased considerably after operation. Further evidence against this arises from our observation that right-to-left interatrial shunts before operation changed in direction and became left-to-right shunts after operation, with an increase in right ventricular stroke volume and the right ventricular systolic duration shortened.
If one accepts the theory that cardiac output is primarily regulated to supply the tissue oxygen requirement (Guyton, 1963) , the increased peripheral oxygen extraction may be interpreted as an adaptational phenomenon in patients unable to maintain a normal cardiac output and the adaptation persists after operation. This is in agreement with the observation made in some patients with tight mitral stenosis who did not show any increase in cardiac output following successful mitral commissurotomy (Granath, 1965; Donald et al., 1957) .
The limiting factor for restoring a normal cardiac output after operation may be the size of the left ventricle which is expected to be small as the pulmonary stenosis has been present since birth. From this study it is evident that in cases with an intra-atrial communication the right ventricle is able to increase its stroke volume after the stenosis is relieved. However, the left ventricle must also increase its stroke volume and this may be possible only by intensive physical training, giving rise to periods with a high left ventricular filling pressure.
SuMMAy
Seventeen patients with pulmonary stenosis and an intact ventricular septum were studied before and after operation. Nine patients had an intact atrial septum and 8 had an interatrial shunt. The physical working capacity and the haemodynamic effects of exercise were examined. A low cardiac output during exercise in relation to the oxygen uptake persisted after operation. This did not appear to be the result of irreversible damage of the right ventricular myocardium because the ventricular end-diastolic pressure decreased considerably, the duration of systole shortened, and a rise in right ventricular stroke volume at rest and during exercise was demonstrated in those patients with interatrial shunts.
It was concluded that the tendency for low cardiac output during exercise after operation was a result of an adaptation of peripheral circulation, from early childhood, resulting in the ability to extract and utilize oxygen to a greater degree. Once such an adaptation has occurred there may be no necessity to increase cardiac output to meet the demand for oxygen transport. The importance of a persisting small left ventricle is discussed.
An appreciable increase of the physical working capacity was shown only in those patients who had a right-to-left shunt before operation. This was attributed to the increased arterial oxygen saturation during exercise, as a result of the diminished rightto-left shunt at the atrial level after operation. The considerable reduction in the right ventricular enddiastolic pressure was apparently responsible for the decreased right-to-left shunt. In patients without an interatrial shunt, physical working capacity was generally normal before operation and did not change after operation. The normal working capacity in the presence of reduced stroke volume during exercise was possible because of the widened arteriovenous oxygen difference.
